The evolution of individual, large gas-phase xenon clusters, turned into a nanoplasma by a high power infrared laser pulse, is tracked from femtoseconds up to nanoseconds after laser excitation via coherent diffractive imaging, using ultra-short soft x-ray free electron laser pulses. A decline of scattering signal at high detection angles with increasing time delay indicates a softening of the cluster surface. Here we demonstrate, for the first time a representative speckle pattern of a new stage of cluster expansion for xenon clusters after a nanosecond irradiation. The analysis of the measured average speckle size and the envelope of the intensity distribution reveals a mean cluster size and length scale of internal density fluctuations. The measured diffraction patterns were reproduced by scattering simulations which assumed that the cluster expands with pronounced internal density fluctuations hundreds of picoseconds after excitation.
Introduction
Gas phase clusters are ideal systems to investigate the interaction between intensive light pulses and matter and in particular to follow the underlying processes of the formation and control of highly excited plasma states [1, 2] . It is of fundamental interest to understand those many-particle dynamics [3] [4] [5] [6] [7] [8] [9] [10] but it has also interesting applications ranging from surgery [11] and controlled material processing [12] over strategies for supressing radiation damage in single-shot diffractive x-ray imaging of biomolecules [13] [14] [15] to the generation of neutron pulses by the ignition of nuclear fusion in deuterium clusters [16] . Hence for example in time-resolved measurements and calculations on clusters in intense IR pulses the significance of collective heating processes was found [17] [18] [19] , which are the underlying principle for the highly efficient energy absorption of clusters in this wavelength regime [20] .
With the advent of short-wavelength FELs, a new regime of intense light-matter interaction opened up, with novel opportunities for achieving high spatial and temporal resolution. The new imaging method of femtosecond coherent diffraction imaging emerged [21, 22] . For the first time it has become possible to image isolated, non-crystalline, finite targets in flight [23] [24] [25] , allowing to investigate nanoparticle geometries [26, 27] and in particular ultrafast structural changes with high spatial and temporal resolution [25, 28] . Coherent diffractive imaging on single clusters has opened new avenues, especially for intense laser matter studies, because the elastic light scattering directly maps the electronic structure of the sample, i.e. the scattering response of the transient electronic structure [25] and the evolving nanoplasma after pulsed laser excitation [29] . Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
The light induced dynamics-depending on the intensity of the light pulse-proceeds on several time scales. For strong pulses, immediately after photon absorption electrons are emitted and the particle gets ionized [4, 30] . Electron trapping by the deepening Coulomb potential [30] , subsequent charge migration from the cluster surface towards its center, and the beginning of recombination take place on a femtosecond time scale [31] [32] [33] . Ion motion finally leads to sample disintegration. Its characteristics strongly depend on the power density. This process is usually completed after several picoseconds in small clusters [33] [34] [35] . For large cluster sizes the highly charged plasma evolves in shell ablation and subsequent cluster core recombination [36] [37] [38] [39] . Theoretical work [40] and initial experiments [29, 41] provide evidence that surface softening proceeds within several hundred femtoseconds. The dynamics and the behavior of the remaining cold center part are however unknown. Theory has severe problems to model the complex dynamics up to long timescales, since they are challenging and extremely time consuming.
We performed single-shot single-cluster scattering experiments on individual large xenon clusters. By removing the averaging over cluster size and laser intensity, via sorting the single-shot images in post-analysis, the blurring of clear signatures is avoided [42] [43] [44] . In order to entirely follow the long-term expansion dynamics of the cluster, imaging experiments were pushed up to the nanosecond time scale in a pump-probe setup. The cluster expansion initiated by an ultrashort infrared (IR) pulse [45] was imaged with a soft x-ray FEL pulse from the FLASH facility at DESY [46] . With this method we were able to directly image two fundamentally different stages of cluster evolution.
• On a picosecond time scale, scattering patterns exhibit decreasing fringe signal at high scattering angles. This indicates a softening of the cluster surface while the center part stays intact.
• After a nanosecond, speckle patterns reveal the survival of the cluster core. Image analysis points towards the core remaining as diluting neutral particle with internal density modulation.
Diffraction patterns from these extreme evolution states give unprecedented access to an up-to-date unseen phase of radiation-induced cluster dynamics.
Experiment
A schematic diagram of the experimental geometry is presented in figure 1 . Extremely large individual xenon clusters are produced in a pulsed supersonic expansion through a cooled conical nozzle (180 K, 200 μm diameter, 4°half opening angle) with 10 bar backing pressure. Production of such large particles is experimentally challenging and triggered the development of a new experimental approach for rare-gas cluster generation [47] . The source setup and valve operation scheme are described previously [47] . For imaging in Figure 1 . Schematic diagram of the experimental geometry showing the collinearly incoupled laser beams intersecting the singlecluster beam in the interaction region. An ion time-of-flight spectrometer records the ionized fragments. Scattered photons are collected with a scattering detector comprising of a multi-channel plate (MCP) and a phosphor screen. The phosphor screen is imaged with an out-of-vacuum CCD (not depicted here) via a mirror under 45°. Some artefact like dead pixels and decreased detection efficiencies appear in the recorded images which are described in more detail in the supplementary material. Diffraction patterns of individual xenon clusters imaged by soft x-ray scattering reveal the particle size and shape. With the applied source setup a wide size range was produced with the majority of clusters holding a size of 35 nm radius (a) but ranging up to extreme sizes (b)-(d), some even larger than 700 nm in radius (d).
single-particle mode the cluster beam was heavily skimmed down until only one single particle was intercepted with the light pulses in the interaction region [25, 26, 43] .
The FLASH free-electron laser facility delivered soft x-ray pulses with 13.6 nm wavelength and about 100 fs pulse length in single-bunch mode [46, 48] . We used the focused branch of the FLASH beamline, BL2, where the FEL power density reached peak intensities of up to 4× 10 14 Wcm −2
. Far-field scattering patterns were recorded with the detector system described in [25] at a distance of 61.6 mm behind the interaction region, recording scattering angles up to 32°. The central part up to 4°is not detected due to a central hole in the detector setup, preventing beam damage. A gating scheme was applied to ensure that only photons were detected (see supplementary material for details). To take the flatness of the detector into account, all images were intensity corrected with a factor of cos 3 () [25] . From the single-pulse scattering patterns each cluster size was individually determined by fringe spacing analysis [47] . The statistical nature of the growth process results in a broad log-normal size distribution. Its maximum is identified at 35 nm radius. A representative pattern from a cluster of this size is shown in figure 1(a) . Most prominent but less abundant are patterns resulting from very large clusters up to a micron in radius, shown in figures 1(b)-(d). Smaller particles are predominantly round in shape reflected by circular scattering patterns. For largest particle sizes the fine interference fringes were not resolvable with our detector setup. In line with recent findings [47] they exhibit a rough surface since they freeze out in non-spherical shapes during their growth by coagulation.
Imaging of nanoplasma evolution was established with pump-probe technique. Synchronized to the FEL pulses, 800 nm Ti:Sapphire pulses of 80 fs duration [45] were collinearly coupled into the vacuum chamber via a holey mirror (see figure 1) . The IR pulses were vertically polarized and their focal power density was determined to be about 10 14 Wcm
. The IR pump-pulse focal area with a FWHM of 90 μm was overlapped with the 20 μm soft x-ray probe pulse using an in-vacuum microscope. Isochronous pulse arrival ('time zero') was established with sub ps-resolution by tracing the ion yield of the transient Xe 3+ charge state [49] with an ion time-of-flight spectrometer. The relative timing jitter between Ti:Sa and FEL pulse was about 0.4 ps, as measured with the streak camera setup at FLASH [50] . In order to gain insight into manifold steps of the nanoplasma evolution upon IR excitation, the pump pulse arrival time was scanned in a wide range from 0.5 ps up to 1.5 ns before inception of the probe pulse, i.e. the instant of time when the particle was imaged.
The method of single-shot imaging requires a large amount of data to be collected in order to ensure meaningful statistics. Despite opening new possibilities it also demands novel filtering routines [51] . From the evolution-initiating IR pulse only a fluorescence is recorded and not a scattering pattern. Therefore, in the pump-probe experiment the initial cluster size and exposed power density is not well defined. However, the final state of the excited cluster, at probe time, is detected by the FEL pulse. A reliable filtering method was needed to make patterns of different final states comparable, despite missing knowledge of the initial state. A very basic but effective method was to filter scattering patterns with highest detector intensity. It was assumed that these images resulted from the largest clusters, as they scatter significantly stronger than smaller ones. Additionally we presume that the strong scattering intensity is an indication that the cluster was exposed to maximal FEL power densities. There the higher number of impinging photons should result in a larger number of scattered photons. Note that the current detector system used was not a single photon counter detector and that the photon signal was converted to electronic and optical signal before data storage [25] . Therefore no absolute values can be given for the detector intensity. Nevertheless, sorting of relative diffraction pattern intensities makes a reliable filter as shown in earlier experiments [25] .
Results
The analysis of laser induced nanoplasma evolution is divided in two phases to account for the different expansion processes occurring during a nanosecond time interval. First the evolution of the outer cluster shell is investigated (section 3.1) and subsequently the whereabouts of the center part are examined in detail (section 3.2).
Surface ablation
In this section the gradual change in scattering patterns with cluster evolution on a picosecond time scale is analyzed. Figure 2 depicts snapshots of different individual xenon clusters recorded without pre-irradiation (a) and at various delay times after sample excitation with the IR pump pulse (b)-(e). As mentioned above, the initial cluster state upon IR laser excitation cannot be directly extracted from the recorded images. To eliminate the influence of particle size and focal position, for each delay time, the scattering pattern with highest detector intensity is chosen. It is assumed that these patterns result from the largest xenon clusters (700-1000 nm radius) in the size distribution intercepted at the central FEL focus position. These large clusters grow by coagulation of smaller particles and can freeze out in intermediate states resulting in mostly spherical particles with grainy substructure [47] . These hailstone-shaped particles lead to characteristic fringe patterns in the diffraction images ( figure 2(a) ). At early delays ( figure 2(b) ) the fringe structure is visible over a wide angle range, showing that conjecturably the grainy substructure on the particle surface is still intact after 10 ps. Immediately visible from comparison of figures 2(b)-(e) is the loss of fine structure at higher scattering angles with proceeding delay. From 50 ps onwards (figure 2(c)) it gradually blurs and vanishes starting from the outer detector region towards the center. At the same time a background signal arises with stronger contribution at high angles.
For a qualitative analysis of the particle evolution in time, the recorded scattering patterns depicted in figure 2 are azimuthally integrated and their profiles are plotted in figure 3(a) . The fine interference rings cannot be resolved due to the detector resolution; therefore the size of the clusters cannot be extracted. However the cluster evolution can be extracted from the changing of the intensity envelopes.
With increasing delay time a background signal arises, especially at high scattering angles. Its origin is unknown but might result from fluorescence and inelastic scattering. In the literature an increase in background signal at high scattering angles due to inelastic scattering was predicted by theoretical models [40] . A similar appearance in photon intensity at large angles was reported in an earlier dynamic imaging experiment [52] .
The key observation in the here presented patterns is that the envelope slopes of the scattering signal at small angles get steeper with increased delay time, which we attribute to coherent diffraction signal from the evolving cluster. This observation is also found in a recent experiment studying a different size regime of xenon clusters [29] and is well explained by theoretical calculations on hydrogen clusters [40] . In both works the intensity lowering of higher order fringe maxima in scattering patterns from a spherical cluster is attributed to surface ablation.
We conducted comparative calculations following the theory in [40] to understand the correlation between surface ablation and decrease of fringe intensity in much more detail. They show that only a few percent of the cluster need to melt off to result in such a steepening of the radial profiles. To find a suitable choice for the parameters in the calculation is not unambiguous since the initial radius of the cluster is unknown. The following assumptions were made. To mimic the cluster shapes at several time steps after IR irradiation, various electron density distributions with increasingly softened surface and corresponding shrinking full-density core Figure 2 . Scattering patterns from xenon clusters imaged with the soft x-ray pulse without pre-irradiation (a), and at several delay times after the IR pulse excitation (b)-(e). Each pattern is the most intense out of all images recorded at the indicated delay time. This selection is based on the assumption that sorting for intensity filters the largest and best hit particles and thus comparable initial conditions. Exclusive probe pulse imaging (a) shows an intact particle with radius larger than 700 nm. In pump-probe configuration (b)-(e) with increasing delay time the low frequency information is blurred revealing proceeding particle surface ablation. The bright diffuse spot at around −20°on the left side of the scattering patterns is an artifact originating from reflections of the IR laser on the out-of-vacuum CCD camera (see supplementary material for details).
are calculated and displayed in the inset of figure 3(b) . For the calculation of the electron density distribution an analytic expression proposed by MicPIC theory for nanoplasmas in hydrodynamic expansion [40] was employed:
where n Core is the core density, r Core the core radius, d the decay length of the melting surface, and s an additional sharpness factor. In a simplified approach scattering profiles were simulated by 2D fast Fourier transforms (FFTs) of the electron density distribution projected onto the scattering plane and presented in figure  8 3(b) .No absolute photon intensities are measurable with this detector setup. Thus, to be able to compare theory and experiment, scattering slopes are not directly compared, but a rather different approach is used: an intensity threshold was set where the recorded scattering signal merges with background noise, as indicated by the black dashed lines in figure 3(b) . The scattering angle, at which envelope and threshold level cross (indicated by red dashed lines in figure 3(b) ), was used as reference point to find the matching density profiles. The slope of a scattering envelope from a spherical object is independent on the particle size [53] . Therefore any arbitrary initial radius is applicable to study the intensity envelope changes. As discussed above, the initial cluster size cannot be extracted from the recorded images, but since profiles are filtered on brightest image presumably resulting from largest clusters in the beam, an initial radius of 1000 nm was assumed.
Three electron density distributions with increasing surface ablation and, correspondingly, with the reduced core-size were calculated (inset in figure 3(b) ). Thereby the overall particle volume was kept constant, e.g. the integral under the outline was always kept the same. With increasing surface melt-off and decreasing core the scattering profiles become steeper. From the profile simulated for the scattering pattern recorded 100 ps after IR excitation (orange profile), it becomes evident that only a minor part of the core needs to melt off before the characteristic scattering fringes of large clusters are almost completely vanished. The absolute values in this calculation are not viable but the simulation clearly show that in our setup the scattering patterns vanish much faster than the clusters themselves.
Our findings confirm earlier studies performed with ion spectroscopy on large argon clusters in IR light [36] . It showed that for moderate IR intensities (10 14 Wcm
) the cluster is skinned with the layer of certain thickness depending on the laser power. A recent study on large xenon clusters in soft x-ray light indicates a similar behavior [39] . A thin, highly charged cluster shell expands upon hydrodynamic pressure of the nanoplasma electron cloud. The remaining core recombines to full neutrality [39] after electrons migrate to the energetically preferred cluster center [13] . Here we show that these disintegration dynamics of such large xenon clusters can be directly imaged. From the above simulation we can estimate that after 100 ps a substantial part of the cluster core can still be intact, even though the coherent scattering signal has already vanished towards small scattering angles and is overlaying with background signal, especially at high detection angles. The further fate of the recombined inner part of the cluster [39] however, is fully unknown. The disintegration of the central part of the cluster is subject of the next section.
Core disintegration 3.2.1. Measured speckle patterns
On a long timescale, from 500 ps on, a novel kind of pattern shows up as presented in figure 4(a) . These speckle patterns from fragmenting xenon clusters were to our knowledge never detected before from atomic clusters but are mainly known from imaging of colloid systems [28, 54, 55] . All three patterns exhibit a characteristic speckle distribution with distinct speckle size and intensity. As these images are low in overall scattering intensity (compare with figure 2(e)), they probably result from small clusters. Note that the cluster size distribution is broad with a maximum of 35 nm radius, as stated in the experimental section. Figure 4 (b) presents the azimuthally integrated intensities of the speckle patterns in figure 4(a) . A change in the slope of the intensity envelope is seen in the experimental scattering profiles around 20°.
A detailed analysis of the speckle pattern can provide information on the particle shape [56] and density [57] . In the case of dense spherical objects the analysis of the intensity profiles would give information of different object properties. in full analogy, the ring spacing corresponds to the particle size, while the intensity envelope depends on the materials refractive index, which is coupled to the electron density [53] . In a similar way, the mean size of speckles is inversely proportional to the average radius of the overall object [56, 58] and the slope of a speckle distribution is correlated with the average characteristic length scale of the internal structure which induces scattering [57] .
Structural information from scattering patterns can in principle be gained by reconstruction with phase retrieval methods [59] . However, for disintegrating targets this procedure is challenging, especially if important information at small scattering angles is missing due to the hole in the scattering detector. Recent experiments demonstrated that reconstruction gets extremely difficult with increasing loss of detailed structure in the sample [52] . Instead of phase retrieval methods we therefore performed simulations which can provide new insight into the main characteristic of the sample disintegration. We start with a systematically analysis to understand main features of speckle patterns (section 3.2.2) and as a second step try to modulate measured scattering patterns in a simplified model (section 3.2.3) . 
Method: small-angle x-ray scattering (SAXS) simulations
We systematically computed scattering patterns from model clusters with SAXS simulations in numerical scalar approach [60] .Inafirst step, scattering from a sphere with amorphously distributed point-scatterers has been investigated. In a second step, the cluster has been further divided into sub-spheres to account for internal density fluctuations. By tuning the parameters of the overall cluster size, atomic distance, sub-sphere size, and their spacing, the response on the scattering pattern are systematically studied and presented in figures 5 and 6.
Scattering from a 'gas ball', with in average equal atom spacing significantly smaller than the impinging laser wavelength, results in ring patterns ( figure 5(a) ). The fringe spacing is inversely proportional to the overall particle radius R Cluster , as evident from Fraunhofer diffraction. Please note that absolute scattering intensities scale with the number of scatterers. For better visibility all simulated scattering patterns are normalized to their respective maximum intensity and absolute values are not directly comparable. With increase in distance between the point scatterers D Atom (from figures 5(a) to (b)) ring patterns break up and transform into speckles, gradually evolving from large to small scattering angles. This is equivalent to the transition from a homogeneous to an inhomogeneous sample, leading at the same time to an increase in surface roughness. Analogous to interference rings from dense objects the speckle size decreases with growing sphere size (see figure 5(b) top to bottom). The average particle radius can be determined from the mean speckle size by [56, 58] 
with λ the impinging wavelength, L the distance between detector and interaction region, and R Speckle the mean speckle radius on the detector (the detector pixel size multiplied by half the number of pixel length an average speckle occupies). Note that if the distance between the atoms becomes larger than the transversal coherence length of the laser beam, speckles can not be resolved [61] . 
Cluster evolution determined from speckle analysis
The size of the cluster debris, at a nanosecond after IR irradiation, can be characterized with the measured speckle patterns by the dependencies stated above. Exemplifying we discuss pattern II and IV in figure 4(a) . The mean speckle size can be deduced with several image analysis methods. Here we performed the normalized autocovariance of the speckle pattern [63] . The width of its intensity profile at 1/e 2 of the maximum intensity provides a reasonable measurement of the average width of a speckle [63] . In our experimental setup with wavelength λ=13.6 nm and detector distance L = 61.6 mm, the average speckle in pattern II covers in length 8.06 pixels of the detector, related to a mean speckle radius of R Speckle =0.28 mm due to a detector pixel size of p = 0.069 mm. This corresponds to a cluster radius of about 950 nm (see equation (2)). For pattern IV the mean speckle radius is 0.33 mm (9.61 pixel) analogous to a mean cluster radius of about 800 nm. A change of slope in the amplitude envelope is found at approximately 20°(see envelope II in figure 4(b) ). This corresponds to about 25 nm range in density fluctuations, which is mimicked by sub-cluster radius in this simulation. For pattern IV it is challenging to determine a minimum due to the low schattering signal. However, a simulation with R 52 30 Sub () nm seems to fit best. The overall particle density determined by the atomic and sub-cluster distance, cannot be directly extracted from the measured pattern. This is because the important central part of the pattern up to 4°is missing, due to the detector center hole and stray light out of the beamline, as introduced in the experimental section and encircled by a red ring in figures 7(a) and (b). For small scattering vector values, e.g. towards the central part, the particle looks dense. For larger angles the scattering signal is sensitive to the distance of the scatterers. Therefore the scattering angle of the transition between ring pattern and speckle structure is correlated to the density of the cluster ( figure 5(a) ). This enables us to give a lower limit of the particle density in the cluster. A model cluster with a distance of 50 nm between sub-sphere centers and 4 nm distance between atoms within the sub-spheres fits a transition from ring to speckle pattern below 4°angle. Figure 7 (b) shows a suitable simulation with these values, of a R Sphere =950 nm cluster, divided in subspheres of in average R Sub =25 nm. To make the model more realistic, we included a distribution of density modulation length. Therefore, the sub-cluster size has been distributed between 10 and 40 nm radius ( figure 7(c) ) which results in a less pronounced amplitude modulation ( figure 7(d) ). Azimuthally integrated intensity profiles reveal that the slope can be reproduced properly ( figure 7(d) ). The method of SAXS simulations on clusters with internal density fluctuations shows that even though the complexity of the speckle patterns makes an exact particle characterization impossible, the characteristic length scales of the evolving cluster can be extracted. 
Conclusion
We explored cluster evolution by snapshotting time-slices of laser induced disintegration in pump-probe configuration, pushing to extreme time regimes from several pico-up to 1.5 ns. After initiation of the expansion with an intense IR laser pulse, xenon clusters in the size range of several ten to hundred nanometers in radius were imaged with a soft-x-ray FEL pulse in single-shot single-particle mode. We identified two different kinds of scattering patterns on different time scales: fringe patterns, where the scattering signal vanishes at high scattering angles with increasing delay time within tens of picoseconds, as well as speckle patterns, which appear from 500 picoseconds onwards.
We attribute these two types of patterns to different stages of the expansion:
• Following strong particle excitation and subsequent electron trapping in the deepening Coulomb potential a quasi-neutral nanoplasma is formed. Its surface ions undergo hydrodynamic expansion due to the pressure of the plasma electrons [38] . The expansion evolves on a picosecond timescale layer-wise from the outside towards the cluster center. This surface softening is mirrored by a decrease in scattering signal at high scattering angles (see also [29, 40] ). • Meanwhile the majority of excited electrons recombines and consequently the expansion driven by plasma electrons finally stops. The remaining neutral cluster core stays in the interaction region up to nanoseconds. Its density decreases slowly and density fluctuations occur, leading to speckle patterns with intensity modulations.
We show that simple image analysis of the recorded speckle patterns has the potential to determine the overall size and internal density fluctuation range of the examined object. Our findings from dynamic diffraction imaging extend the picture of laser-matter interaction into the nanosecond time scale, where we identifed structural signatures up to date not explored in homogeneous clusters.
